Color Doppler transrectal ultrasound was used to evaluate blood flow area in the wall of dominant anovulatory follicles versus ovulatory follicles in mares during the transition between anovulatory and ovulatory seasons. Daily examinations were done in 11 control mares toward the end of the anovulatory season. In 13 separate mares, follicular fluid was collected from 30-mm follicles, and blood flow areas from control mares were used as a basis for designating the sampled follicle as either anovulatory or ovulatory. Blood flow area in the controls ranged from 0.18 to 0.35 cm 2 in six mares on the day of a 30-mm anovulatory follicle and from 0.25 to 0.86 cm 2 in 11 mares on the day of a 30-mm ovulatory follicle; the ranges did not overlap except for one follicle. In the controls, mean blood flow area was lower (P Ͻ 0.05) in the anovulatory group than in the ovulatory group for each day beginning with the first Doppler examination at 25 mm. For plasma LH in controls, an effect of follicle group (P Ͻ 0.0001) and an interaction (P Ͻ 0.0001) of group by day reflected lower (P Ͻ 0.05) concentrations in the anovulatory group on Days Ϫ6, Ϫ2, and 5-8 (Day 0 ‫؍‬ 30-mm follicle). For plasma FSH, an interaction (P Ͻ 0.0001) reflected higher (P Ͻ 0.05) concentrations in the anovulatory group on Days Ϫ3 and 1-4. More (P Ͻ 0.05) statistically identified FSH surges occurred in the anovulatory group during Days Ϫ7 to 8. In the sampled mares, follicular-fluid concentrations of estradiol, free insulin-like growth factor-1, inhibin-A, and vascular endothelial growth factor were lower (P Ͻ 0.05) in 30-mm designated anovulatory follicles than in 30-mm designated ovulatory follicles. Results were interpreted as follows: 1) The future anovulatory dominant-sized follicle developed under an LH deficiency, 2) the LH deficiency led to reductions in blood flow area and in concentrations of follicular-fluid factors, and 3) the reduction in follicle production of FSH suppressors resulted in higher plasma FSH concentrations.
INTRODUCTION
Mares have anovulatory and ovulatory seasons (for review, see [1] ). The transition between the anovulatory and ovulatory seasons occurs in the spring and often is characterized by the formation of one or several sequential anovulatory dominant (diameter, Ն30 mm) follicles until a dominant ovulatory follicle terminates the anovulatory season. The number of mares developing dominant anovulatory follicles during the transitional period varies among reports, from 15 of 15 horses [2] and 9 of 10 ponies [3] to three of eight ponies [4] . Some of the anovulatory follicles reach a diameter that is not distinguishable from the maximum diameter of an ovulatory follicle. In this regard, 7 of 15 horse mares developed one to three follicular waves in which the dominant anovulatory follicle was 38 mm or greater in diameter and comparable to that of the preovulatory follicle [2] .
The systemic hormonal aspects of the development of seasonal anovulatory dominant follicles versus ovulatory follicles have been considered in several studies. The wavestimulating FSH surge is similar for both anovulatory and ovulatory waves regardless of whether the anovulatory wave develops a dominant follicle [4] [5] [6] . Circulating estradiol concentrations are very low during the anovulatory season [4] , and a detectable increase does not occur until the end of the season, during development of the first ovulatory wave [7] [8] [9] . Intrafollicular production of estradiol by dominant-sized follicles, as indicated by tissue culture and follicular-fluid assays, is minimal during early transition and increases during late transition [7, 10] . However, in a recent study [5] , circulating estradiol concentrations did not increase during the last anovulatory wave and, on a temporal basis, did not play a role in FSH reduction during deviation in anovulatory waves. Circulating LH concentrations are low during the anovulatory season and increase a few days before the first ovulation [4, 11, 12] . Administration of estradiol during transition increases the production of LH [13, 14] . However, the increase in LH at the end of the anovulatory season occurs even in the absence of the ovaries [8, 11, 15] , and the initial portion of the LH surge before the first ovulation is attributable to seasonal effects rather than to estradiol [5] . These results indicate that the LH surge associated with the first ovulation of the year is initially a function of season followed by a positive effect of estradiol.
The growth of a dominant follicle, whether anovulatory or ovulatory, is associated with a follicular wave and a deviation process wherein the developing dominant follicle continues to grow and the other follicles regress (subordinate follicles [5] ). The characteristics of deviation are similar between seasonal anovulatory follicular waves with dominant follicles and seasonal ovulatory waves. Diameter deviation in mares has been attributed to increased responsiveness of the developing dominant follicle to gonadotropins in association with the increased production of enabling follicular-fluid factors (for review, see [16] ). The temporal associations among follicular-fluid factors (estra-diol, free insulin-like growth factor [IGF]-I, activin-A, and inhibin-A) have been studied in association with deviation during the ovulatory season in mares [17] . Results of other studies during ovulatory follicular waves [18] [19] [20] [21] also indicate that the role of enabling follicular-fluid factors in deviation should be considered in the anovulatory versus ovulatory destiny of dominant follicles during the transitional period.
A difficulty in clarifying the endocrine aspects of the dominant anovulatory follicles during transition into the ovulatory season has been the inability to adequately distinguish between the anovulatory and ovulatory follicles except in retrospect. Attempts to identify an anovulatory follicle on the basis of companion follicles [10] , uterine echotexture [2, 22] , or time of year [7, 23] do not seem to be satisfactory. Estrous behavior can occur during the anovulatory season even in the absence of the ovaries (for review, see [1] ), and its absence is not a useful indicator of an anovulatory follicle.
The concentrations of follicular-fluid estradiol and inhibin-A [7] as well as the morphology and angiogenesis [23] of anovulatory dominant follicles obtained during the transitional period have been compared to those of dominant follicles obtained during the ovulatory season; however, these studies involved surgical collection of an ovary with a dominant follicle, precluding determination of whether the follicle would have ovulated. The follicular fluid collected during the transitional period had lower concentrations of estradiol, progesterone, and inhibin-A than fluid from preovulatory follicles. In addition, the follicles from the transitional period were visibly less vascularized and had fewer blood vessels, less proliferative activity, and lower vascular endothelial growth factor (VEGF) protein expression as determined by immunostaining.
Color Doppler ultrasonography (for review, see [24] ) has been used for noninvasive hemodynamic studies of preovulatory follicles in humans [25] and cows [26] . In humans, blood flow determinations of individual preovulatory follicles provide an index of the intrafollicular environment and may be used to predict the developmental competence of the oocyte [27] . In cows, transrectal color Doppler ultrasonography demonstrated a clear difference in the vascularity of the wall of preovulatory follicles compared with that of anovulatory (atretic) follicles [26] . The color Doppler approach has potential for investigating the vasculature of seasonal anovulatory dominant follicles in mares and in identifying dominant follicles that will fail to ovulate.
The present study was done 1) to test the hypothesis in vivo that low blood flow area of the follicle wall is temporally associated with the development of future dominant-sized anovulatory follicles, 2) to determine if color Doppler ultrasonography would distinguish between anovulatory versus ovulatory dominant follicles, 3) to determine if the low concentrations of follicular-fluid factors that are temporally associated with development of the largest subordinate follicle versus the dominant follicle during deviation are also associated temporally with the development of dominant anovulatory versus ovulatory follicles during the transitional period, and 4) to determine the temporal relationships of circulating gonadotropins to the early development of follicles that are destined to become anovulatory versus those destined to become ovulatory.
MATERIALS AND METHODS

Animals and Ultrasound Scanning
Animals were handled in accordance with the Guide for Care and Use of Agricultural Animals in Agricultural Research. A total of 28 nonlactating pony mares of mixed breeding (age, 9-17 yr; weight, 290-430 kg) were used. The experiment began on March 24, 2003 in the northern hemisphere (latitude, 43ЊN) during the transitional period between the anovulatory and ovulatory seasons. The mares were kept under natural light. The feeding program and the equipment and techniques for transrectal and transvaginal ultrasound scanning and manipulation of equine ovaries have been described previously [28, 29] . A color Doppler ultrasound scanner (Aloka SD-2000; Aloka America, Wallingford, CT) equipped with a 7.5-MHz linear-array transducer (UST-5821-7.5) was used for determinations of diameter and blood flow area.
Follicle measurements were recorded and blood samples taken daily from the day the first 25-mm follicle developed and continued until ovulation. Doppler assessment of blood flow area was begun when each growing follicle reached 25 mm or larger in diameter. Each animal was randomized into the control group or follicular-fluid sampled group when a follicle reached 30.0 mm or larger in diameter. Because of the 1-day interval between measurements, actual diameter varied from 30 to 32 mm, but the follicle is referred to as a 30-mm follicle and was considered to be a dominant follicle based only on its diameter [29] . In the control mares, the daily examinations continued until the follicle regressed to less than 20 mm (anovulatory follicle) or ovulated (ovulatory follicle).
In the sampled mares, follicles were measured daily for diameter until the largest follicle was 30 mm. A single collection of 500 l of follicular fluid was done on the day the follicle was 30 mm. The follicular fluid was collected with a double-channel device (inner needle, 25 gauge; outer needle, 20 gauge), using transvaginal ultrasound-guidance as described previously [29, 30] . If another 30-mm follicle developed, it was assessed and sampled in a similar fashion. However, an anovulatory follicle was not used if it appeared to be from the same follicular wave as an ovulatory follicle. Also, double ovulatory follicles were not used. Each of these events occurred in only one mare. For each dominant follicle in the sampled mares, diameter measurements and samples of blood and follicular fluid were collected only on the day that a follicle was 30 mm. However, diameter was measured on the following day to assess the extent of diameter decrease associated with sampling [20, 30] . The mares were monitored daily postsampling for development of another 30-mm follicle and for detection of ovulation.
For the ultrasonographic Doppler blood flow determinations, the flow mode was activated, and the blood flow area within the follicle wall was quantified from the color images (for review, see [24] ). Areas of color represent regions with a flow velocity higher than 10 mm/sec. All scans were performed at a pulse-repetition frequency of 6 Hz. Identical color gain settings were used for all scans. The blood flow area was evaluated in a vertical plane at the maximum diameter of the follicle. The distance between the transducer face and follicle was minimized to reduce signal attenuation. The angle of insonation was not calculated because of the small diameter of vessels, but care was taken to obtain the maximum color intensity. Scan records (real-time images) were stored using a digital video camera (Handycam Camcorder; Sony Electronics, Inc., San Diego, CA) for blood flow area analyses in the laboratory. The tapes were viewed on the monitor of a computer. Using iMovie software, the images were captured and saved as joint photographic experts group (JPEG) format files. The blood flow areas in the follicle wall were measured by outlining a belt circumscribing the anechoic antral cavity as described for the bovine preovulatory follicle [26] . The colored flow area was changed to black and white using Adobe PhotoShop 5.5 software (Adobe Systems, San Jose, CA). The flow area was quantified using an NIH Image software (Version 1.62; National Institutes of Health, Bethesda, MD). The sum of blood flow areas in each circumscribed band was calculated and used as the daily value.
Dominant Anovulatory and Ovulatory Follicles and Associated End Points
The control mares were used to study the relationships of 30-mm follicles with known outcomes (anovulation or ovulation) to blood flow areas and systemic gonadotropin concentrations. Data were normalized to the day the follicle was 30 mm (Day 0). The dominant-sized anovulatory follicle that developed before the ovulatory follicle in each mare was used for the statistical comparisons of anovulatory and ovulatory waves. The data set was truncated because of variation among mares in the number of days with observations before and after Day 0. After truncation, the diameter, blood flow area, FSH concentrations, and LH concentrations were analyzed from Days Ϫ4 to 7, Ϫ2 to 7, Ϫ7 to 8, and Ϫ12 to 8, respectively. The control mares on Day 0 were also used to establish the blood flow area value that was most likely to indicate an anovulatory or ovulatory outcome for 30-mm follicles. The resulting value for blood flow area was 0.29 cm 2 on the basis of the midway point between the highest value for a 30-mm anovulatory follicle (0.32 cm 2 ) and the lowest value for a 30-mm ovulatory follicle (0.25 cm 2 ).
In the sampled mares, all follicles at 30 mm (Day 0) were designated as anovulatory dominant follicles or ovulatory dominant follicles on the basis of the value for blood flow area that was used to indicate follicle outcome based on the outcome in controls. Follicles with a blood flow area of less than 0.29 cm 2 were designated as anovulatory follicles, and follicles with a blood flow area of greater than 0.29 cm 2 were designated as ovulatory follicles. Designated rather than actual outcomes (regression or ovulation) were used to avoid potential errors from an effect of follicular-fluid sampling on the outcome of the follicles [20] . The effect of sampling on the subsequent outcome of the follicles was assessed by comparing, first, the diameter change between the day of sampling and the next day for designated ovulatory follicles that subsequently did versus those that did not ovulate and, second, the maximum diameter of the actual ovulatory follicle between the control and the sampled mares. The blood flow area, concentrations of plasma LH and FSH, and concentrations of follicular-fluid factors on Day 0 in the sampled mares were compared between the last designated anovulatory 30-mm follicle (anovulatory group) and the subsequent designated or actual ovulatory follicle (ovulatory group). That is, only one dominant anovulatory and ovulatory follicle from each mare was used for each point. The end points for follicularfluid factors were concentrations of estradiol, androstenedione, progesterone, free IGF-I, activin-A, inhibin-A, and VEGF.
Hormone Assays
Blood and follicular-fluid samples were centrifuged (1500 ϫ g for 10 min), decanted, and stored (Ϫ20ЊC) until assay. Plasma samples were assayed for FSH concentrations by a radioimmunoassay as validated previously [11] and modified [17] in our laboratory and for LH concentrations by a radioimmunoassay as validated previously [31] and modified [17] in our laboratory for equine plasma. The intra-and interassay coefficients of variation (CVs) and mean assay sensitivity were 13.9%, 5.7%, and 0.4 ng/ ml, respectively, for FSH and 8.4%, 9.4%, and 0.1 ng/ml, respectively, for LH. The follicular-fluid samples were assayed for estradiol, androstenedione, free IGF-I, activin-A, and inhibin-A by commercially available kits and for progesterone by an in-house assay; all assays were validated in our laboratory for equine follicular fluid [17] . The concentrations of VEGF in follicular-fluid samples were determined by a commercially available kit that was validated in our laboratory for equine follicular fluid [20] . The intraassay CV and assay sensitivity, respectively, were as follows: estradiol, 5.4%, 0.74 pg/ml; progesterone, 1.2%, 0.04 ng/ml; androstenedione, 3.3%, 0.01 ng/ml; free IGF-I, 3.2%, 0.01 ng/ml; activin-A, 4.3%, 0.03 ng/ml; inhibin-A, 1.9%, 0.06 pg/ml; and VEGF, 10.4%, 1.2 ng/ml.
Statistical Analysis
In the control mares, plasma FSH and LH concentrations, follicle diameter, and blood flow area were analyzed to determine the main effect of follicle group (anovulatory vs. ovulatory) and day as well as the interaction of group by day. An SAS mixed procedure was used with a repeated statement to account for autocorrelation between sequential measurements and taking mare within follicle group as the random effect (Version 8.2; SAS Institute, Cary, NC). If a significant interaction was detected, unpaired t-tests were used to locate differences between follicle groups within a day. Surges of FSH in the control mares were differentiated from variation using the values for the ascending and descending portion of the suspected surge as described previously [32] . An identified surge was defined by a CV that was at least three times greater than the intraassay CV [4] . In the sampled mares, differences at Day 0 between the designated dominant anovulatory group and the designated or actual ovulatory group for plasma LH and FSH and for follicular-fluid end points were tested by analysis of variance. A probability of P Յ 0.05 indicated that the difference was significant, and a probability of P Ͼ 0.05 to P Ͻ 0.1 indicated that the difference approached significance. Data are presented as the mean Ϯ SEM.
RESULTS
Three control mares were removed from the present study because of development of a hemorrhagic anovulatory follicle, an ovarian cyst, and a double ovulation, respectively. One sampled mare was removed because of a sampling problem. As a result, 11 control mares and 13 sampled mares were used. Dominant anovulatory follicles developed in 6 of 11 control mares, and two mares had two or three anovulatory follicles. On the basis of the values for blood flow area in the controls, 7 of 13 sampled mares developed a 30-mm follicle that was designated as anovulatory. In addition, the 13 sampled mares developed a 30-mm follicle that either ovulated (7/13) or was designated as ovulatory (6/13). For the designated ovulatory follicles in the sampled mares, the decrease in diameter between Days 0 and 1 was greater (P Ͻ 0.0001) for the follicles that regressed (Ϫ8.2 Ϯ 1.4 mm) than for the follicles that ovulated (Ϫ0.9 Ϯ 1.1 mm). Maximum diameter of the ovulating follicle was greater (P Ͻ 0.003) in control mares (45.2 Ϯ 1.3 mm) than in sampled mares (38.7 Ϯ 1.5 mm). No significant difference was found in blood flow areas at 30 mm between designated ovulatory follicles (0.53 Ϯ 0.06 cm 2 ) and actual ovulatory follicles (0.56 Ϯ 0.03 cm 2 ).
In the 11 control mares, a main effect of follicle group (dominant anovulatory and dominant ovulatory; P Ͻ 0.0001) and an interaction (P Ͻ 0.0001) of group by day was found for follicle diameter, follicle blood flow area, plasma LH concentration, and plasma FSH concentration (Fig. 1) . The diameter of the anovulatory follicles was smaller (P Ͻ 0.05) than that for the ovulatory follicles on each day beginning on Day 1. Blood flow area of the follicle wall was less (P Ͻ 0.05) for the anovulatory group for each day beginning when the follicles were 25 mm or greater (first day examined). Plasma concentrations of LH were lower (P Ͻ 0.05) for the anovulatory group on Days Ϫ6, Ϫ2, and 5-8, and they approached being lower (P Ͻ 0.07 to P Ͻ 0.09) on Days Ϫ7, Ϫ5, Ϫ4, Ϫ1, 3, and 4. Concentrations of FSH were greater (P Ͻ 0.05) for the anovulatory group on Days Ϫ3 and 0-3. More (P Ͻ 0.0003) FSH surges were identified per mare over Days Ϫ7 to 8 in the anovulatory group than in the ovulatory group (Fig. 1) . No differences were found between anovulatory and ovulatory groups in the width of the base of the FSH surge (4.8 Ϯ 0.4 versus 4.5 Ϯ 1.2 days) or in the peak concentrations of FSH (17.2 Ϯ1.6 versus 13.3 Ϯ 2.4 ng/ ml).
In the sampled mares, the plasma concentrations of LH and FSH and the concentrations of follicular-fluid factors in the designated anovulatory follicle or in the designated or actual ovulatory follicle on the day the follicle was 30 mm (Day 0) are shown (Table 1) . Plasma concentrations of FSH on Day 0 were higher (P Ͻ 0.03) for the anovulatory group than for the ovulatory group. Follicular-fluid concentrations were lower in the anovulatory group than in the ovulatory group for estradiol (P Ͻ 0.001), free IGF-I (P Ͻ 0.0004), inhibin-A (P Ͻ 0.04), and VEGF (P Ͻ 0.001).
DISCUSSION
The color Doppler ultrasound technology distinguished between future anovulatory and ovulatory dominant follicles with reasonable accuracy. In the 11 control mares, the mean blood flow area was approximately twofold greater for the 30-mm ovulatory follicles than for the 30-mm anovulatory follicles. The lowest value in the ovulatory group was higher than each value in the anovulatory group with one exception. On each of the following 7 days, each value in the ovulatory group was higher than each value in the anovulatory group. On the day the follicle reached 35 mm, the values ranged from 0.48 to 0.81 cm 2 in the ovulatory group and from 0.12 to 0.28 cm 2 in the anovulatory group. Consideration of the ovulatory potential of 35-mm follicles during the transitional period is important on breeding FIG. 1 . Mean Ϯ SEM for follicle diameter, blood flow area of the follicle wall, and plasma gonadotropin concentrations in control mares for dominant (30-mm) anovulatory (n ϭ 6) and ovulatory (n ϭ 11) groups. The interaction of group by day was significant (P Ͻ 0.0001) for each end point. The asterisks indicate days when the difference between follicle groups was significant (P Ͻ 0.05). The indicated number of FSH surges per mare was greater (P Ͻ 0.0003) for the anovulatory group than for the ovulatory group. TABLE 1. Mean Ϯ SEM for blood flow area of the follicle wall and concentrations of plasma gonadotropins and follicular-fluid factors in 30-mm designated dominant anovulatory and ovulatory follicles during the transition from anovulatory to ovulatory seasons. farms, because at that time a breeding decision may be needed. The lower blood flow areas in dominant-sized anovulatory follicles in the present study is consistent with the report that presumed anovulatory dominant follicles removed during the transitional period had underdeveloped vascularization [23] . It became apparent during the experiment that the outcome (anovulation or ovulation) of sampled follicles might be altered by the sampling procedure; the diameter decreases seemed to be greater than those during previous experiments [20, 30] and were attributable, at least in part, to a fluid sample that was 2.5-fold greater than samples in previous studies. The greater postsampling diameter decrease between Days 0 and 1 in designated ovulatory follicles that regressed compared with that in designated ovulatory follicles that ovulated confirmed that follicle outcome was altered by the sampling procedure. A negative effect of sampling was also indicated by the smaller preovulatory diameter for sampled than for nonsampled follicles. Therefore, a calculated blood flow value was used for designation of anovulatory versus ovulatory sampled follicles based on the extent of blood flow areas in 30-mm follicles in the control mares. This approach was effective, as indicated by 1) the similarity in number of control mares with anovulatory follicles and number of sampled mares with designated anovulatory follicles (6/11 and 7/13, respectively), 2) fewer anovulatory follicles in the control mares (0.8 per mare) than nonovulatory follicles in the sampled mares (1.5 per mare; sum of designated anovulatory and designated ovulatory follicles that did not ovulate), and 3) no significant difference in blood flow area between designated and actual ovulatory follicles at 30 mm. Judging the future expected outcome of sampled dominant follicles on the basis of blood flow areas in controls circumvented, at least in part, the negative effect of sampling.
Approximately half (54%) of each of the control and sampled groups developed 30-mm anovulatory follicles or designated anovulatory follicles, respectively, during the transitional period between the anovulatory and ovulatory seasons. This percentage seems to be low compared to some reports [2, 3] , but it is comparable to the incidence previously reported for a similar pony herd [4] . The 30-mm follicle in the actual and designated anovulatory waves occurred an average of 9.8 days before the 30-mm follicle in the actual or designated ovulatory waves. This interval between waves is similar to reported intervals [2, 3] . The lower blood flow area in the anovulatory group on the first day of comparison (25-mm follicle) indicated that, on average, the destiny of the follicle was developing close to the expected diameter at the beginning of deviation for both the last anovulatory and ovulatory waves in a similar herd (23.7 mm [5] ).
Concentrations of LH were lower in the anovulatory group during the week before a 30-mm follicle was present. During this week, the differences between the two groups were significant on two of the days and approached signif-icance on four other days. Before Day Ϫ7, LH was similar between the two follicle groups. Thus, the anovulatory follicle apparently was exposed to less LH beginning when the follicle was approximately 15 mm based on extrapolation from Figure 1 and published data [28] . Anovulatory dominant follicles, therefore, may be a consequence of LH deficiency during early development of the follicle.
A progressive decrease in concentrations of FSH in the wave-stimulating FSH surge occurred in the controls over approximately 6 days before development of a 30-mm ovulatory follicle, as previously described (for review, see [33] ). The greater concentrations of FSH and more frequent occurrences of statistically detected FSH surges in the controls with anovulatory waves were striking. On average, the largest follicle in the anovulatory group was 20 mm on the day of the peak of the first FSH surge. These results indicated that the follicles of anovulatory waves had impaired FSH-suppressing ability well before the dominant follicle reached 30 mm.
In the planned analyses using one follicle of each type per sampled mare, follicular-fluid concentrations of estradiol, free IGF-I, inhibin-A, and VEGF were lower in the 30-mm designated anovulatory follicle than in the designated or actual ovulatory follicle. When all sampled follicles were considered (anovulatory, n ϭ 10; ovulatory, n ϭ 24), progesterone also was significantly lower, and activin-A and plasma LH approached being lower. The estradiol and inhibin-A results are consistent with reported concentrations in the follicular fluid of dominant follicles during the transitional period [7] . The lower concentration of IGF-I in the present study is especially noteworthy because of its role in diameter deviation and in the production of other follicular-fluid factors, including inhibin-A and VEGF [19, 20] . The lower concentrations of several follicular-fluid factors and the smaller blood flow area indicated a generally impaired status of the anovulatory follicle rather than the impairment of a single system. Regarding the temporal relationship between low concentrations of LH and follicular-fluid factors in the present study, experimentally reducing circulating LH concentrations beginning 4 days before diameter deviation in mares resulted in reduced circulating concentrations of estradiol and immunoreactive inhibin [34] . In heifers, experimental reduction in LH decreased the intrafollicular concentrations of free IGF-I as well as estradiol [35, 36] . Several studies in monkeys and cattle have demonstrated that in vivo or in vitro treatment with LH results in increased VEGF production by granulosa cells in culture [37] [38] [39] and that IGF-I acts synergistically with LH in promoting LH stimulation of VEGF [38] . The temporal relationships between deficient plasma LH and deficient follicular-fluid factors in the present study during anovulatory waves is also consistent with the results of GnRH and pituitary extract studies. Administration of GnRH [40, 41] or a pituitary extract [42] to mares during the anovulatory season stimulated growth and ovulation of follicles. The treatments not only stimulated growth of small follicles but also seasonal anovulatory follicles that were 25 mm or greater. Based on the results of the present study, stimulation of the larger follicles may have represented a rescue of follicles that were already impaired, but this assumption requires specific study.
Our interpretation of the results (and current working hypothesis) is that future dominant anovulatory follicles develop in an LH-deficient environment. As a result, the developing follicle is low in certain follicular-fluid factors, notably estradiol, IGF-I, inhibin-A, and VEGF. Estradiol and inhibin-A are FSH suppressors [16] , and their limited production accounts for an increase in plasma FSH beginning when the future dominant anovulatory follicle is approximately 20 mm. The low IGF-I and estradiol can be expected to retard follicle development, and the low VEGF can be expected to retard follicle angiogenesis.
During the growth of follicles from 20 to 30 mm, the anovulatory follicles expanded at the same rate as the ovulatory follicles. This occurred despite the reduction in LH beginning when the follicle was approximately 15 mm, the considerable reduction in blood flow areas in the wall of the anovulatory 25-to 30-mm follicles, and the lower concentrations of follicular-fluid factors at 30 mm. Even after 30 mm was reached, the anovulatory follicles that continued to expand appeared to do so at a rate similar to growth of the ovulatory follicles. These observations indicate that the growth or expansion rate of dominant follicles was not, in itself, an indicator of the status or health of the follicle. Apparently, expansion occurred at a given rate, without regard to the extent of the diminished plasma LH, vascularity, and concentrations of the follicular-fluid factors. Alternatively, the increased FSH during early follicle development of anovulatory follicles may compensate for impaired blood flow or concentrations of follicular-fluid factors.
In summary, dominant-sized anovulatory follicles were distinguished from dominant ovulatory follicles by daily blood flow area determinations in control mares and by sampling of follicular fluid at 30 mm in separate mares. In the control mares, blood flow area was less for dominant anovulatory follicles than for ovulatory follicles by the time blood flow determinations began at 25 mm. Concentrations of FSH encompassing a 30-mm follicle were greater in the anovulatory group, indicating a deficiency in the FSH-suppressing abilities of the follicles. In the sampled mares, follicular-fluid concentrations in 30-mm anovulatory follicles were lower than those in 30-mm ovulatory follicles for estradiol, IGF-I, inhibin-A, and VEGF. The future dominant anovulatory follicle developed during low LH concentrations, beginning when the follicle was approximately 15 mm. Based on the temporal increase in FSH, functional impairment of the future dominant anovulatory follicles began when the follicle was approximately 20 mm.
